We investigate the nonlinear optical properties of ZnSe and ZnS using ultrashort (pulse duration approximately 200 fs) midwave infrared laser pulses between 3 and 4 µm. Multiple harmonic generation in both materials was observed, as well as significant spectral modification of the fundamental pulse. Simulations using a nonlinear polarization model enhanced with ionization compared favorably with experimental data. Random quasi phase matching in the materials is the likely generator of the observed harmonics.
INTRODUCTION
Recent advances in both the generation and simulation of mid-infrared (MIR) ultrashort pulse lasers (USPL) have lead to the discovery of new physics with distinguishable phenomena compared to more traditional nearinfrared reactions. A hallmark of MIR laser pulse propagation in air is a low-loss wavelength window in the 3-4 µm band and these wavelengths are considered "retina-safe" due to opacity of the human lens limiting most damage to the cornea. 1 Similarly, visible light sensors are also less susceptible to damage from a MIR source, primarily since most common glasses (e.g. UVFS, BK-7, etc.) used for optics have low transmissivity in this range. State of the art MIR USPLs are now approaching output peak powers over a 1 TW (10 12 W) in this band, with pulse durations on the order of 100 femtoseconds occurring as a result of increasing conversion efficiency from near-infrared (NIR) USPL seed sources. 2, 3 On the horizon are more capable shortwave-infrared (SWIR) USPL sources 4 that may lead to a tremendous increase in MIR generation efficiency.
Some of the key features of the new MIR USPL physics includes advances in filamentation and harmonic generation. Filamentation is a unique propagation regime of USPLs in a transparent medium where an intense pulse causes Kerr lensing via the third-order nonlinear index of refraction, n 2 . As the intensity increases, a defocusing phenomenon like plasma defocusing can, accounting for losses, balance against self-focusing. 5 An estimate of the peak laser power needed for filamentation is known as P cr given by:
where λ is the laser wavelength, and n 0 is the linear index of refraction. It is important to note that most transparent materials have n 0 within a range of approximately 1-3. However, values for n 2 -in units of cm 2 /W-may have a wider range even by orders of magnitude between gases and solids. Another key feature of filamentation is the generation of broadband supercontinuum peaked at the fundamental but often extending across many spectral bands depending on the linear transmissivity of the media.
7, 8
A majority of the filamentation body of work uses NIR, but with the increasing capabilities of MIR USPLs, new research is highlighting some of the differences at these longer wavelengths.
9 From Eq. 1, we note that P cr is proportional to λ 2 , meaning that all else being equal, it would take almost 10 times as much peak power to self-focus at 3.1 µm as compared to 1 µm. High harmonic generation (HHG) has taken a significant step towards coherent x-rays by using MIR USPL filamentation in noble gases. 10 The longer wavelength allows for more efficient driving of bound electrons leading to higher output of coherent x-rays beyond 1 keV.
11 Further interest in broadening HHG further into the x-ray regime has been a significant driver to develop more capable MIR USPLs as well as extending the theoretical models to longer wavelengths.
12
Expanding upon this new knowledge regarding MIR propagation in gasses, transparent solids offer another area ripe for examination. Preliminary results have already demonstrated unusual spectral features from MIR interactions with fluoride glasses 13 that are not readily seen with NIR drivers. We seek to expand upon fluoride glasses by examining the effects of MIR USPLs on other common visible, NIR, SWIR, and MIR transparent optical materials. In particular, we focus on single-crystal and poly-crystal ZnSe and a common form of ZnS (hot isostatically pressed), Cleartran TM . Our previous work 14 with ZnSe proved not only that we are able to generate odd and even order harmonics but also provide good qualitative agreement with simulations; we continue this effort with Cleartran. Reviewing Eq. 1, we not only have to consider a quadratic increase with wavelength, but we also have to be cautious regarding the values we choose for n 2 given that most of the data has been limited to NIR. To that end, we include z-scan measurements 15 of our materials to provide n 2 at relevant MIR wavelengths and intensities in the range of our experiments. This also allows us to model these interactions with a higher degree of certainty.
EXPERIMENTAL SETUP
Our work employed two USPLs to perform the experimental component, one at The Ohio State University (OSU) and one at the US Army Research Laboratory (ARL-ALC). The OSU laser is the Extreme MIR (EMIR) optical parametric amplifier (OPA) pumped by the 500 Hz repetition rate Ti:Sapphire OSU Gray Laser as shown in Fig. 1a . The output of EMIR is continuously tunable between 2.5 and 4.5 µm with a pulse duration of 200 fs at a 500 Hz repetition rate. For the scope of our experiments, we utilized central fundamental wavelengths between 3 and 4 µm in keeping with the atmospheric propagation window in the MIR. In addition, we took advantage of the zero dispersion point of ZnS at 3.6 µm. Energy tuning of our pulse between 1 and 10 µJ is accomplished using a waveplate/polarizer system. This translates to peak powers ranging from 5 to 50 MW, well below the P cr in air of 250 GW (for 3.6 µm). The pulses were focused onto the sample using CaF 2 lenses with focal lengths varying from 20 to 105 mm, achieving spot sizes ranging from 24 to 98.5 µm FWHM for 20 and 105 mm lenses, respectively. Thus, we achieve focal intensities in the range of 0.06-11 TW/cm 2 . A list of the samples used in this experiment is given in Table 1 . To compensate for losses in transmissive optics, energy readings for the light focused into the samples were taken at point E 1 as shown in Fig. 1a . The emission from the sample is sent into either a Vis/NIR channel or a MIR channel by using a flippable mirror. The Vis/NIR emission was collected with a microscope objective that filtered out the MIR signal and fed into a fiber connected to to a suite of spectrometers covering0.4 to 2.5 µm. We also were able to take energy measurements of the Vis/NIR signal by placing an energy meter at position E 2 . The MIR channel focused the emission onto either a MIR spectrometer or camera. The MIR spectrometer was from Acton Research with a FLIR cooled focal plane array capable of detecting 3-5 µm light. Experimental setup: (a) OSU's EMIR OPA for generating MIR laser pulses. MIR pulse energy is controlled using a half waveplate (HWP) polarizer combination. MIR light is focused by a lens f onto a sample. The emission from the sample is collected either with a microscope objective that filters out the MIR spectrum and focuses the light into a fiber attached to a Vis or NIR spectrometer or a CaF2 lens that collimates the light into a MIR camera or spectrometer (flippable mirror controls which detection line is used). For harmonic efficiency measurements, pulse energy was measured at E1 and E2. (b) ARL-ALC setup of non-linear index, n2 measurement with MIR femtosecond pulses using Z-scan technique using reflective geometry. The ARL-ALC experimental setup as shown in Fig. 1b was used for characterization of n 2 for our samples using the Z-scan technique. MIR pulses at 3.9 µm were generated by using a Ti:sapphire laser system (Coherent, Hidra-F-100) to pump an OPA (Light Conversion, TOPAS-Prime-HE), which was then used for difference frequency generation, DFG (2 mm thick Type II KTA). The DFG pulses were spatially filtered by focusing into a 180 µm diameter single-diamond pinhole using an all-reflective geometry. A PbSe reference detector used the pickoff from a ZnSe wedge. The remaining light was focused into the sample using a 150 mm ZnSe focusing lens with the transmitted light from the sample focused onto a second PbSe detector. Energy readings in the Z-scan system were accomplished using a spectrally flat broadband THz radiometer with linearity ranging from 0.1 µW to 20 mW calibrated with a pyroelectric detector near the DFG output. The radiometer was then placed just before the sample without any filtering to record the actual energy. Germanium neutral density filters were used to attenuate the energy used in the Z-scan runs. The beam size was measured to be 48 µm gaussian waist radius using a knife-edge scan and the pulse duration was measured to be 260 fs (FWHM) using second-order autocorrelation.
NUMERICAL MODELING
Our simulation of MIR USPL interactions with ZnSe and ZnS utilized the gUPPEcore simulator implemention of the unidirectional pulse propagation equations (UPPE). 16 The advantage of using UPPE to model this interaction is the preservation of nonlinear responses in polarization and current density that are critical to succesfully capture spectral evolution. Nonlinear polarization incorporates both second-order and third-order nonlinearities, with the former modeled by an effective isotropic medium where
where r(z) is a random function for propagation through polycrystalline grains and d eff is the effective nonlinear coefficient. To model the effect of random grains in poly-ZnSe and Cleartran, r(z) is turned on and off with a frequency in the range of average grain size. For poly-ZnSe we use d eff =15 pm/V and grain size of 70 µm. For comparison, poly-ZnSe has grain sizes ranging from 20 to 100 µm and L coh ∼ 51, 17, and 9.6 µm for the 2 nd , 3
rd , and 4 th harmonics via χ (2) nonlinearity, respectively. The third-order nonlinearity depends on experimental values from our Z-scan effort. Model components like carrier generation, chromatic dispersion, and linear optical losses utilize measured parameters, leaving d eff as the only adjustable parameter.
The simplified model developed here allows for manageable computation complexity owing to the need to gain statistical understanding when comparing against natural variability expected from polycrystalline data. To further simplify the modeling, we use radial symmetry with a single filament propagation. By averaging over multiple runs with random orientation and size of grains with very fine spatial resolution, we converge upon a reasonable simulation of the interaction. However, this limits us to a qualitative comparison with the data with a quantitative comparison likely requiring the ability to simulate multiple filaments.
As a next step toward a comprehensive treatment of poly-crystalline nonlinear media, we present preliminary results for an improved model. In contrast to the effective approach discussed above, we honor the vector nature of the electric field, and describe the second-order nonlinearity with the proper χ (2) tensor. In order to keep the computational complexity in check, we still assume that the focused laser beam diameter fits (transversely) into a single crystallite. Each crystallite has a random orientation, which changes after a characteristic "correlation length," thus mediating the disorder that is necessary for the random quasi-phase matching.
The main advantage of this model lies in the fact that it can be applied to both single-and poly-crystalline media, and the nonlinear parameter d eff is now a microscopic quantity rather than an effective-model parameter. Figure 2 shows simulated spectra for a 5 mm sample of poly-crystalline ZnSe with d eff = 30 pm/V. The top panel illustrates the spectrum in its entirety, revealing that with the exception of the fundamental-frequency band the radiation becomes depolarized even after a few millimeters of propagation through the random medium. The bottom panel shows a zoomed in view of the portion of the spectra that should be compared with the experimental data depicted in Fig 5b. It is encouraging that this improved model shows significantly better agreement with the measurement, where in particular the high-harmonic bands attain powers quite similar to those measured.
RESULTS AND DISCUSSION
The ARL-ALC setup allowed us to measure the absolute n 2 values of ZnSe and Cleartran at MIR wavelengths using the Z-scan technique. For poly-ZnSe, a 2 mm thick sample was used with a MIR wavelength of 3.9 µm and focal intensities from 4.7 to 19 GW/cm 2 to arrive at an average n 2 of (1.2±0.3)×10 −14 cm 2 /W. This value compares favorably with the theoretical prediction from Eq. 44 in Ref. 17 given a bandgap energy, E g =2.71 eV, K=3100, K'=1.5 × 10 −8 , and E p =21.4 eV. Similarly, Z-scan measurements were made with a 3 mm Cleartran sample with 4 laser energies at 3.9 µm and an average n 2 was measured to be (5.0 ± 1.3)×10 −15 cm 2 /W. From these results we can then use Eq. 1 to compute P cr for our samples as shown in Table 2 . Thus with 5-50 MW peak power pulses we are well into the multiple filamentation regime in our ZnSe and Cleartran samples, though there is significant complexity regarding the length of the sample that is not captured in Eq. 1.
The expeirments conducted at OSU (see Fig. 1b ) with ZnSe and Cleartran produced emission in the visible to the MIR bands. We can see from Fig. 3 that a change in energy of the pulse results in broadening of the fundamental pulse for even a thin ZnSe sample. This is due to self-phase modulation of the beam and multiple Wavelength (µm) Intensity (arb. units) 7 .0 µJ 1.0 µJ 2H 3H 4H 5H 6H 7H 8H Figure 6 . Visibile, NIR, and SWIR emission spectra from 3 mm of Cleartran at 1.0 µJ and 7.0 µJ with a fundamental of 3.6 µm. Note the lack of IHC at the lower energy level leading to isolated harmonic peaks depending on the sensitivity of the spectrometer for each wavelength region.
filamentation. Please note that there is an artificial cutoff of the higher wavelength side of the broadened pulse beyond 4.2 µm due to strong attenuation of the signal in spectral intensity from CO 2 absorption. Similar broadening is seen with Cleartran in Fig. 4 , however it is much more exaggerated at higher energies leading to a complex multi-peak structure.
However, we see a much more pronounced effect looking at the vis/NIR spectrum in Fig. 5 where even at lower energies there are clearly even and odd order harmonics being generated (3rd, 4th, and 5th). With increasing energy, we detect the addition of the 6th and 7th harmonics as shown in Fig. 5(b) . Similar distinct harmonics are also generated from Cleartran as seen in Fig. 6 . Note that Cleartran has higher linear transparency between 350 and 550 nm compared to ZnSe. This data strongly corroborates the hypothesis of random quasi phase matching (RQPM) [18] [19] [20] [21] found in such isotropic polycrystalline materials. RQPM arises from a phase mismatch from the mixing of 3 waves of photons in a medium with non-zero χ (2) such that ∆k = k 3 − k 2 − k 1 . The phase mismatch also determines the the coherence length, L coh , such that L coh = π/∆k. As the pulse propagates through periodically poled crystal, each L coh step, N , causes a reversal of the wavemixing between the 3 waves leading to nonlinear field gain ∝ N . However, both ZnSe and Cleartran are not periodically poled, yet the polycrystalline nature of these materials leads to a reversal between domain that results in a gain ∝ √ N where N is equivalent to the number of domains traversed. To reach an approximation of N we consider the average grain size from the distribution in Table 1 and the thickness of the sample. However, thicker samples, particularly for ZnSe, will also increase the amount of linear absorption at higher harmonics reducing some amount of this gain. By comparing energy readings at E 1 and E 2 , we can measure the efficiency of harmonic generation as shown in Fig. 7 for ZnSe. We are able to achieve a high conversion efficiency of over 30%, however it appears there are both a linear dependence on sample thickness and a saturation effect at higher energy levels that remain to be explored further. We see similar conversion efficiency for Cleartran at 10.5 µJ of about 30%. We are unable to measure an efficiency for single-ZnSe since transmitted energies at E 2 are below our detector's threshold.
Simulations were performed for poly-ZnSe and single-ZnSe to test the capability of gUPPE to provide qualitative agreement with the experimental data. To accomplish this, simulations were perform with λ=3.8 µm with focal geometry matching the OSU experiment. To determine a valid d eff , we examined the range reported in the literature from 16 to 132 pm/V 22, 23 and chose a value (15 pm/V) just below the low end that converged upon a result closer to the experimental data. Pulse energies were varied from 0.8 to 8.6 µJ. Variations arising from the random function r(z) were averaged over four realizations. The representative results are shown in Fig. 8 , demonstrating specific harmonics along with an inter-harmonic continuum (IHC) that grows with increased energy. Distinctive harmonics are readily generated within 5 mm of propagation in poly-ZnSe at low energies, but with increased propagation distance and energies the harmonic peaks lose some distinction due to increased IHC. It is important to note the qualitative similarities between the simulations in Figs. 2 and 8 and experimental data in Fig. 5 demonstrating a remarkable similarity even for modeling a single filament.
Our simulations also modeled the evolution of the fundamental pulse in the MIR. As seen in the simulated spectra in Fig. 9 there is significant broadening on both the red and blue sides of the fundamental. This broadening is due to self-phase modulation of the pulse with an added effect of a carrier-induced blue shift from free-carrier generation, leading to an assymmetry favoring the blue side of the pulse. This part of the simulation does not readily agree with that seen from the experimental data in Fig. 3 . Simulations of Cleartran are on-going and are expected to provide further evidence of the ability of gUPPE to simulate these interactions particularly in the case of zero dispersion at 3.6 µm.
CONCLUSION AND FUTURE WORK
Our work demonstrates novel spectral results from the interaction between MIR USPLs and optical materials that can be successfully simulated using UPPE. RQPM is the dominant mechanism that produces the harmonics we detect up to the 9 th harmonic in Cleartran and this was successfully incorporated into UPPE. Understanding how MIR light interacts with these optical materials may lead to new applications related to SWIR and MIR laser media such as Fe:ZnSe 28 and Cr:ZnSe. 29 In addition, the successful simulation results demonstrate the adaptability of UPPE to model a wide variety of transparent materials and incorporate experimentally derived values. Our future work will include simulations of Cleartran and single crystal ZnS as well as experimental studies of the latter. In addition, we can compare the conversion efficiency into harmonics and IHC with supercontinuum generation. Further development of UPPE will seek to have a better understanding of SPM's role in the broadening of the fundamental. We will also continue to perform nonlinear index of refraction measurements of a wide variety of optical materials in the MIR. Interest in MIR is being joined by increased interest in longwave infrared (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) µm) which may lead to further understanding of harmonic generation and efficient conversion into visible to MIR wavelengths.
